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Abstract 
Portugal still relies heavily in fossil fuels. As an example, during the year of 2005, about 84% of the national 
primary energy demand was supplied by imported oil, coal and natural gas. Also, the predictions for CO2 emissions 
to the year of 2010 will be 45% above the defined limit. Applying TIMES model tool, this paper examines different 
scenarios regarding the price levels of CO2 taxes and trading under the Emissions Trading System in Europe and 
consider the perspectives of using carbon capture and storage (CCS) technologies to mitigate the greenhouse gas 
(GHG) emissions. In the scenario where the emissions licenses for CO2 credits are obtained for a price of 20 €/tonne 
of CO2 emitted, the natural gas combined cycle (NGCC) power plant will be the main thermal power plants in next 
three decades. After that period, the installed capacity of coal power plants will increase significantly from 2040 on 
and NGCC will almost vanish. In the scenarios where CCS was an option, the most significant conclusion is that 
above 50<€/tonne of CO2 emitted are the CCS technologies economically feasible, maintaining the predictions for 
electricity demand that show a slowly decrease after the year 2020.  
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
As a member of the European Union (EU), Portugal within the framework of the Kyoto protocol and the United 
Nations Framework Convention on Climate Change (UNFCCC) agreed to limit national greenhouse gas (GHG) 
emissions to a maximum increase of 27% between the years of 2008 and 2012, taking 1990 as reference. In the year 
1990, 60.8 MtonnesCO2eq, were emitted. This means that a maximum of 77.2 MtonnesCO2eq per year will be 
allowed to be emitted between 2010 and 2012. To accomplish this objective Portugal has developed a National 
Action Plan for Climatic Changes (PNAC) [1]. However, even with these measures, in the year 2010 the emissions 
estimated are approximately 45% above the 1990 levels if no additional mitigation policies are to be adopted [2,3]. 
The main reason is the high national dependency on the fossil fuels. For example, in the year of 2005, about 84 % of 
the national primary energy demand was supplied by imported oil, coal and natural gas [4]. This implies that also 
electricity generation relies heavily on imported fossil fuels. To face this high dependence, large incentives were 
given for the implementation of technologies using renewable resources in the energy sector due to the country’s 
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favorable location for their use [5,6]. The renewable energies are one part of the possible solution to mitigate this 
problem, however until now some technical issue still remain to be solved, e.g. variable production, storage, 
efficiency, grid management, costs, among others. In this context a rapid move away from fossil fuels is unlikely. 
The long life spans of energy supply infrastructures,  energy security production and costs are just some reasons to 
be named, so such a rapid move could destabilize world economies. Lord Stern and International Energy Agency 
(IEA) have described Carbon Capture and Storage (CCS) as a key to potential abatement measure to help slow or 
invert the climate changes which could be the answer for the transition between today’s and more environmental 
friendly technologies of the near future [7]. In summary, the concept of CCS is to capture the CO2 produced in a 
process and transport it to a place where it can be stored for a very long period avoiding releases for the 
environment. 
 This paper examines how the current national and international policies, environment restrictions (considering 
different scenarios) and electricity demand will influence the future electrical energy system choices in terms of 
technologies options, fuels, CO2 reductions and costs. The TIMES model tool is used to perform the representative 
electrical energy system over the period of 2005-2050. The paper starts with the presentation of TIMES model for 
the Portuguese electricity generation sector (TIMES_EE_PT) and all major inputs. Next a baseline scenario (BAU) 
is developed assuming the actual trends and policies. Then different scenarios were simulated regarding regulatory 
aspects explicit by different price levels of CO2 taxes and trading under the Emissions Trading System in Europe 
(EU – ETS). Their results are compared with BAU scenario. 
2. The TIMES_EE_PT model 
The Integrated MARKAL-EFOM System (TIMES) is an energy/economic/environmental tool developed by 
several people related to ETSAP - Energy Technology Systems Analysis Program [8]. It is used to estimate energy 
dynamics in local [9], national [10,11] or multi-regional [12] energy systems over a long-term, multi-period time 
horizon. TIMES is a bottom-up partial equilibrium optimization model [13]. The model is built through a detailed 
description of technologies and commodities that characterize the energy system. Then, it computes the minimum 
cost solution that is capable of providing the modeled energy demands by making decisions on equipment 
investment and operation, primary energy supply and energy trades. It is a partial equilibrium model as the 
quantities and the prices in each time period are such that the suppliers produce exactly the quantities demanded by 
the consumers, which means that the total surplus is maximized. 
 In 2005 Portugal had eight thermal power plants: two of them using pulverized coal, three using natural gas in 
combine cycle and three using fuel oil. The total install capacity of thermal power plants was 5762 MW. The hydro 
power generation was the second biggest source of electricity in Portugal (4578 MW). The Portuguese government 
has a plan to install even more capacity in hydro power plants in the future. Portugal also has good conditions to 
install wind power and has a plan to install several new turbines until 2015, to a maximum of 4750 MW, which will 
multiply the installed capacity. Electricity generation is divided into two regimes: ordinary and special regime. 
Special regime relates to the generation of electricity by renewable resources (except large hydropower plants), 
being subject to different licensing requirements together with benefits regarding tariffs. Further Portugal and Spain 
started in the year 2008 the Iberian Electricity Market (MIBEL), to import and export energy. 
 TIMES_EE_PT model represents the Portuguese electrical energy system in the year 2005, with a very detailed 
time resolution. The model considers a time resolution for four year seasons: Spring (SP), Summer (SU), Fall (FA), 
Winter (WI); and a typical day during a: week, weekday (WD), Saturday (S) and Sunday (SD). Each day was 
broken into 24 periods of 1 hour, giving a total of 288 time slices per year. The electricity production sector is 
modeled in detail considering all the electrical generating facilities. The centralized fossil fuel power plants were 
considered individually (see table 1), while the remaining plants (table 2) were grouped by type of resource used for 
generation. New technologies available in the medium or long term for power generation include: ultra supercritical 
coal power plants, Integrated Gasification Combined Cycle (IGCC), Pulverized Coal with CCS, IGCC with CCS 
and onshore wind. The techno-economic input data for supply side technologies were represented by capacity, 
efficiency, fuel consumption, lifetime, Operation & Maintenance (O&M) costs, investment costs, activity factor and 
starting year. Data used for input was obtained from many different literature sources, [7,8,14]. A homogenous 
discount rate of 5% was applied for all economic values. A 25% reserve was considered for the electrical installed 
capacity, and a 10% loss was considered for the transport of electricity. 
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Table 1 – TIMES_EE_PT parameters for centralized fossil fuel Power Station CO2 sources in 2005. 
Sector Sub-sector Facility 
Capacity 
[MW] 
Start/life years [yr] CO2 Emission 
[Mtonnes/year] 
Energy/Electrical 
power stations 
Coal 
Pego, Electrical Power Station 628 1993/40 3.76 
Sines, Electrical Power Station 1192 1985/40 8.55 
CCGT 
Ribatejo, Combined Cycle Gas Turbine 1200 2004/40 1.82 
Outeiro, Combined Cycle Gas Turbine 990 200/40 2.87 
Lares, Combined Cycle Gas Turbine 862 2009/40 n.a. 
Fuel Oil Carregado, Electrical Power Station 770 1968/42 0.91 
Setúbal, Electrical Power Station 946 1979/33 2.66 
Barreiro, Electrical Power Station 50 1978/21 --- 
                         Total = 20.57 MtonnesCO2/year 
 
Table 2 – TIMES_EE_PT parameters for electricity production in 2005 aggregated by renewable resources. 
Sector Sub-sector Capacity [MW] Average Year Availability 
Renewable Energy/ Electrical power stations 
Hydro 4578 0.27 
Wind 1047 0.29 
Solar 3 0.18 
Biomass 369 0.42 
Biogas 8 0.43 
Waste 88 0.71 
Energy/Electrical power stations 
CHP (GN) 500 0.80 
CHP (FO) 500 0.80 
 
Other important information regarding the technology data base are briefly summarized below. These measures  
reflect the future investments plans for the sector [15]: 
 Hydro capacity will increase to a maximum of 7000 MW in the year 2020; 
 Wind capacity will increase to a maximum of 4750 MW in 2015 and 5500 MW in 2050; 
 Solar capacity will increase to a maximum of 50 MW in the year 2015; 
 The co-generation capacity assumed to be constant; 
 In 2008 the MIBEL started with a maximum transport capacity of 1720 MW; 
 The hydro storage capacity is limited to 1000 MW of capacity and the availability is variable along the year; 
 The Carbon Capture and Storage is considered assuming that it will be available after 2020 with an unlimited 
capacity for storage, due to the lack of information on the storage capacity. 
 
The centralized power plants have an annual availability of 90% and for each time slice a minimum value of 30% 
is considered as being the minimum necessary load for a non-stop operation. For hydro it was used a median 
average availability regarding the recent data depending on each time slice, due to the variability of water resources 
year-round. It is important to notice that most of the hydropower plants have a storage capacity in dams. The wind 
and solar power generation were modeled in a different way, since there is not a direct storage capacity. In order to 
determinate the availability factor, each 24 hours time period were divided into two intervals: day (7-22h) and night 
(23-6h). Afterwards, a time frequency was corresponded to each interval of use installed capacity. From the time 
frequency, the hours of work for each interval were calculated. Subsequently, based on the REN database, the 
average of installed capacity used for each hour was obtained. Finally, the hours of work were made to correspond 
to the average of installed capacity used for each hour, thereby obtaining the availability factor. The solar irradiation 
is more predictable, so it was used to model the solar electricity production. However it has a little impact in model 
due to the small installed capacity, although, it could be an option as an advanced technology. 
 The data for electricity demand was obtained from the database of the Portuguese National Directorate for 
Energy and Geology (DGGE) during the period from 2005 to 2009, as presented in Table 3. Up to the year 2020 the 
demand curve is following the projection of the national transmission operator, REN [15]. After 2020, the growth of 
population driver has been used, preceded by Statistics of Portugal; and extrapolated until the year 2050 [16]. The 
annual electricity consumption fraction for one time slices is shown in figure 1 as an example. The behavior of the 
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demand curve for electricity, especially in week days (WD) is highly dependent on the hours during daytime for all 
seasons. The high-time resolution used in the model was designed to capture the dynamics of the different sources 
of variable electrical energy production and storage capacity with low load curves for the thermal power plants and 
the time slice demand. 
 
Table 3 – Electricity consumption in mainland Portugal. 
 Unit 2005 2006 2007 2008 2009 
Demand [GJ] 172.6 177.0 180.2 182.1 179.5 
 
 
Figure 1 – Example of electricity consumption fraction for one time slices. 
 
Other input parameters, as fossil fuels prices, were obtained from the reference scenario of the World Energy 
Outlook [17] until the year 2030 and then extrapolated using a linear regression from the prices of the years 2015 
and 2030, see table 4. The prices for import and export of electricity under MIBEL were obtain from REN [15], 
using year 2008 as a base, following by tendency of the median average of coal and natural gas prices. It is 
important to refer that the liberalized market for the electricity import-export started fully operate only in 2008. 
 
Table 4 – Assumption on fossil fuels prices (€/GJ). 
 2005 2010 2015 2030 2050 
Coal 1.40 1.339 1.300 1.345 1.545 
Natural Gas 4.830 4.361 4.381 4.373 5.460 
Fuel Oil 8.960 7.991 8.108 8.718 9.531 
 
The model has been calibrated for the base year of 2005 and validated by experimental runs from 2005 to 2008. 
Upon application of moderate boundaries the model demonstrated a good agreement with the real performance of 
the electricity system in this period of time. 
3. Scenarios and assumptions 
In order to force the environmental trend in our scenario, some regulatory restrictions were included for CO2 
emissions produced by the electrical system, based on the Portuguese National Allocation Plan I and II [1]. Between 
2005 and 2008 the maximum value of the emitted CO2 by the electrical sector is limited to  
22.5 Mtonnes/year (PNALE I). From 2008 to 2050 the limit is reduced to 15.4 Mtonnes/year (PNALE II). However 
the emissions exceeding this value could be exported under the Emissions Trading System in Europe (EU – ETS) 
with a cost (dependent on the chosen scenario) up to 7.1 MtonnesCO2/year over the target limit. Moreover from 
2013 onwards, all emissions of CO2 will be taxed. Therefore in this period comes a double cost from exceeding the 
limits defined by the PNALE II. 
 The Business As Usual (BAU) scenario considers above mentioned limits based on the Portuguese National 
Allocation Plan I and II. It allows the possibility to buy CO2 credits when the 7.1 MtonnesCO2/year limit is exceed 
for a price of 20€/tonne of CO2 and does not consider any CCS technology. Next scenarios were created assuming 
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implemented CCS technologies. Economic feasibility for capture technologies, uncertainties on storage capacity and 
future developments of our energy systems do not allow an easy implementation of CCS into the strategy of any 
country. Therefore herein has been created a strategy of the possible configuration for the Portuguese energy system. 
This approach determines the employment of the capture technologies on coal power plants, IGCC plants and 
natural gas combine cycle power plants starting its eventual run from 2020 onwards. Technology options for capture 
CO2 are still in progress and only a few of them are in a mature state. Therefore in this study several options for 
capture are taken into account independently of their stage of development. The interpretation of the fossil fuel 
power plants with the capture units in the model is made alike conventional technologies. The estimated cost values 
were based on IPCC Special Report on Carbon Dioxide Capture and Storage [7]. 
 The energy required to operate CO2 capture systems reduces the overall efficiency of power generation. This 
leads to increased fuel requirements, solid wastes and costs relative to the same type of base plant without capture. 
The selection of a capture technology depends on many specific factors that vary for each candidate entity. However 
it is not yet clear which technologies can easily be applied to address CO2 capture for the Portuguese industrial 
system. There are also missing proper studies for the evaluation of the storage potential in mainland Portugal in the 
present. Due to these issues it is consider an infinite storage capacity of CO2 with no costs on transport and storage 
since they both appear to be low in comparison with the cost of just capturing CO2 [18]. 
Three scenarios (SC1, SC2, SC3) implementing CCS technologies have been created distinguishing different 
evolutions of price for CO2 allowance permits and taxes for emitted emissions. In Table 4 are summarized all four 
scenarios. 
Table 4 – Price evolution for taxes and permits (€/tonnesCO2). 
  BAU SC1 SC2 SC3 
Implementation of CCS No Yes Yes Yes 
2005-2007* Tax 0 0 0 
0 
 Permits n.a. n.a n.a. n.a. 
2008-2012** Tax 0 0 0 0 
 Permits 20 20 20 20 
2013-2019** Tax 20 20 20 20 
 Permits 20 20 20 20 
2020-2029** Tax 20 20 50 50 
 Permits 20 20 50 50 
2030-2050** Tax 20 20 50 80 
 Permits 20 20 50 80 
* Maximum allowed CO2 emission up to 22.5 Mtonnes/year. 
** Maximum allowed CO2 emissions up to 15.4 Mtonnes/year. 
4. Results and discussion 
4.1. Electricity generation 2005-2050 (BAU) 
In the period of time from 2005 to 2020 the demand for electricity in Portugal is set to grow rapidly in our 
scenario accordingly the study of the REN [15]. The demand in 2020 is nearly double in comparison to the base 
year. In the following years it is registered a soft continued decline led by a moderate reduction of population in 
Portugal. Figure 2 presents the development of electricity generation by technology groups for a BAU scenario 
during the studied period satisfying the required electricity demand. Certain technologies maintain practically 
constant production of electricity throughout all the 50 years, namely biofuel power plants, and cogeneration plants 
(both using fuel oil and natural gas). The wind and hydro will increase considerable and already in 2010 are 
generating almost two times more electricity than in the base year. On the contrary, fuel oil (FO) power plants come 
to the end of their lifetime and none will be built ever again. Constraints on CO2 emissions lead to the decline of the 
pulverized coal power plants being compensated by NGCC power plants. In 2008 MIBEL was fully operational, 
which faced that a significant part of the demand started being supplied by imports through this market. The 
imported electricity is mostly acquired at night with better market prices, and used in pump-storage hydroelectric 
power plants that inject later on the stored energy back into the grid during peak hours (not shown in Figure 2). Even 
though between 2025 and 2040 most of thermal plants are NGCC after this period a strong investment in new coal 
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technologies should occur. It is interesting to note this is only possible due to the offset in CO2 emissions, resulting 
from the grow of renewable energies, wind energy and hydro plants and, also from the reduction in demand. 
                                     
Figure 2 – Electricity generation by technology groups accordingly to the BAU scenario. 
4.2. Implementation of capture technologies within the electricity sector 
Figure 3 shows that under the first scenario (SC1) it is economically unfeasible to build any new power plant 
with a carbon capture unit in the Portuguese electricity system. The energy mix is identical to the BAU scenario for 
all years. However this result dramatically changes with the increase of taxes and also the cost for purchasing CO2 
permits. As the price is higher the optimized cost of the system becomes more favorable to capture technologies. In 
SC2 and SC3 about 30% of overall produced electricity is generated by IGCC power plants with CCS from 2030. In 
2050 it becomes the only technology combusting fossil fuels with the exception of a very small share of fuel oil used 
in cogeneration stations. The higher costs for CO2 emissions from scenario SC3 do not change the optimal 
technological options when compared with scenario SC2, although the final price for electricity production will be 
increased as taxations and permits for CO2 emissions are more expensive. 
    
Figure 3 – Share of electricity generation by technology groups in each scenario. 
4.3. Limits for CO2 emissions 
After 2008 the maximum request for CO2 permits from EU – ETS has been settled up to 7.1 Mtonnes/year above the 
define PNALE II limit of 15.4 Mtonnes/year. This value is proposed from the difference between restriction of 
PNALE I and II. Nevertheless, when a higher price for this permits is proposed (like on SC2 and SC3) it is better to 
set up the power plants with capture of CO2 than purchasing these permits. This behavior is displayed in Figure 4. 
After 2030 no permit is bought under any conditions in SC2 and SC3. In addition thanks to the implementation of 
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power plants with capture, the overall CO2 emissions in the electricity sector are reduced more than 50% in SC3 
comparing with BAU, where furthermore a certain amount of permits is forced to be purchase in the period from 
2025 to 2050. Figure 4 also presents the captured and stored amount of CO2 emissions per year at SC2 and SC3 
(SC2 STG and SC3 STG respectively). 
                                         
Figure 4 – Emitted and captured CO2 emissions within each scenario.  
5. Technology costs analysis 
Figure 5 provides plot of the cost for generated electricity as a function of carbon price for several technologies 
that have been involved within the model. The comparison is provided for the costs in 2030. The technology with 
the lowest costs for production of electricity in our energy system are thermal power plants using coal and hydro 
power plants, however further expansion of hydro power plants is limited in the mainland Portugal. The less costly 
technology with CCS is IGCC, and therefore it is this technology that covers most of the electricity demand in the 
SC2 and SC3.  
 
Figure 5 – Electricity price as a function of price for CO2 permits under EU – ETS in 2030. 
The cross over price for coal technologies is around 40€/tonnes of CO2 and this explains in SC1 the power plants 
with capture technology are not an option for electricity generation. Also, from 2020 the demand decreases and the 
required demand can be met by the already existing coal power plants without CCS. When the carbon price equals 
to 50€/tonnes of CO2 (SC2) the difference in cost between the coal power plants without CCS and the IGCC with 
CCS is high enough to make the capture technologies become the main optimal solution for the system rather than 
acquiring the necessary permits and pay the taxes. Wind is playing particular role demonstrating higher costs for 
electricity production in comparison with IGCC and PC when both use capture unit Electricity generated by NGCC 
with CCS is still very costly to conquer a position at any of the presented scenarios. 
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6. Conclusions 
The aim of the EU-ETS is to help the EU Member States to achieve compliance with their commitments under 
the Kyoto Protocol by allowing the buying or selling of emission allowances. National large point CO2 sources will 
have to struggle with other emitters while bidding for the pretended number of allowances determined by The 
National Allocation Plans (PNALE) in each member state. The results demonstrate that in the scenario where the 
emission licenses for CO2 credits ware obtained for a price of 20 €/tonne of CO2 emitted, the NGCC will be the 
main thermal power plant technology used in next three decades, but after that period, new install capacity using 
coal power plants will increase strongly after 2040 and NGCC will almost vanish. In the scenarios where CCS was 
an option, the most significant conclusion is that above 50€/tonne of CO2 emitted the CCS technologies become 
economically feasible, while maintaining the predictions for electricity demand that show a slowly decrease after the 
year 2020. With high costs for CO2 emissions the total emissions were bellow the PNALE II limit, namely, 30% less 
approximately. The last aspect that should be pointed out is that in all cases the final price of the representative 
energy system will increase as the CO2 taxation also increases, making the system more expensive, so the cheapest 
energy is the one that is not consumed.  
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